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EXPERIMENTAL INVESTIGATION OF RADOME I C I N G  AND I C I N G  PROTECTION 
By James P. Lewis and Robert J. Blade 
SUMMARY 
An invest igat ion has been conducted i n  t h e  NACA Lewis i c i n g  research 
tunnel t o  determine the  ic ing  charac te r i s t ics ,  t h e  e f f e c t s  of i c i n g  on 
radar operation, and the protect ion requirements f o r  two radome con- 
f igura t ions .  The radomes were f o r  the F-89 a i rp lane  and were inves t i -  
gated a t  airspeeds up t o  290 miles per hour, a i r  t o t a l  temperatures from 
-15' t o  +20° F, water contents up t o  1.0 gram per cubic meter, and 
angles of a t tack  of Oo and 4O. A f l u i d  pro tec t ion  system using ethylene 
glycol w a s  used f o r  both an t i - ic ing  and de-icing. 
The impingement of w a t e r  and formation of i c e  on t h e  radomes were 
found t o  agree wel l  with theory and experience. The i c e  formations were 
found t o  produce ser ious e f f e c t s  on the radar  performance. The f l u i d  
protect ion system gave adequate ic ing  protect ion with a n t i - i c i n g  and 
de-icing requirements of p r a c t i c a l  magnitude. 
INTRODUCTION 
I n  modern all-weather a i r c r a f t ,  radar has become of increasing 
importance i n  assuring successful performance of t h e  a i rp lane  i n  all 
atmospheric and operational conditions. This i s  p a r t i c u l a r l y  t r u e  of 
mi l i ta ry  a i r c r a f t ,  where, i n  addition t o  i t s  use as a landing and navi- 
gat ional  aid,  radar i s  used f o r  bomb sighting, t a r g e t  tracking, and 
gunfire control.  Successful operation of modern a i r c r a f t  demands, there-  
fore ,  unimpeded radar operation. 
The radome o r  radar housing serves a dual role ,  being p a r t  of both 
t h e  radar  system and the  a i r c r a f t  s t ructure .  A s  p a r t  of the  radar  system 
t h e  radome i s  designed t o  have the minimum e f f e c t  on t h e  radar  operation; 
as an a i rp lane  component it i s  subject t o  normal a i rplane design problems 
including t h a t  of ic ing  and ic ing  protection. 
such a shape and locat ion on the  a i rcraf t  t h a t  t h e  aerodjmamic penal t ies  
r e s u l t i n g  from ic ing  a r e  usual ly  negligible;  the  main concern i s  t h e  
preservation of t h e  radar operation. It i s  of importance, therefore ,  t o  
know t h e  e f fec t  of radome ic ing  on the radar  e l e c t r i c a l  propert ies .  I n  
addition, i t  i s  necessary t o  evaluate the  radome icing-protect ion system 
as regards both t h e  removal or prevention of i c e  and any possible  e f f e c t s  
on radar operation. 
Radomes a r e  normally of 
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A t  present very l i t t l e  i s  known of t h e  e f f e c t  of radome ic ing  on 
radar  operation. 
waves through i c e  can be made but a r e  dependent upon t h e  values assumed 
f o r  t h e  e l e c t r i c a l  propert ies  of ice .  Reference 1 indica tes  considerable 
var ia t ion i n  both t h e  d i e l e c t r i c  constant and conductivity f o r  bulk i c e  
produced i n  the laboratory. I n  addition, it i s  known t h a t  i c e  formations 
encountered i n  f l i g h t  a r e  considerably d i f f e r e n t  i n  type and s t ruc ture  
from bulk ice .  F l igh t  radome ic ing  very probably would also d i f f e r  i n  
type and s t ruc ture  from i c e  produced on a radome i n  s t a t i c  conditions as 
i n  a cold chamber. It would appear, therefore ,  t h a t  ne i ther  calculat ions 
nor s t a t i c  t e s t s  w i l l  give r e a l i s t i c  values of t h e  e f f e c t  of radome i c i n g  
on radar performance. 
Theoretical  calculat ions of t h e  transmission of micro- 
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I n  order t o  evaluate t h e  i c i n g  and i c i n g  protect ion of radomes, an 
invest igat ion w a s  conducted i n  t h e  NACA Lewis  laboratory i c i n g  research 
tunnel. The objectives of t h e  invest igat ion were t o  determine the  manner 
i n  which the radome c o l l e c t s  i c e  and water, including measurement of both 
t h e  r a t e  and area of water impingement, the  determination of t h e  e f f e c t s  
of radome i c i n g  on t h e  radar  performance, and t h e  evaluation of a method 
of ic ing  protect ion f o r  t h e  radome. The radomes invest igated were those 
f o r  t h e  F-89 airplane.  
temperature-depressant f l u i d  on the  radome surface. 
Ic ing protect ion w a s  achieved by spraying a 
APPARATIJS AND PROCEDURE 
Description of Radomes and Radar 
Two radome configurations were tes ted,  those f o r  t h e  F-89C and F-89D 
airplanes employing APG-33 and APG-40 radar, respect ively.  The radar i s  
of t h e  conical-scan type with a parabolic ref lector- type antenna. The 
radar i s  mounted i n  the nose of t h e  airplane; t h e  radomes are bodies of 
revolution which fa i r  i n t o  the nose of the  fuselage. Sketches showing 
sect ional  views of t h e  two radome configurations a r e  presented i n  f i g -  
ure  1. The narrow C-radome i s  e s s e n t i a l l y  parabolic i n  sect ion having a 
nose radius of 6.955 inches. The blunt  D-radome i s  almost hemispherical, 
with a nose radius twice t h a t  of t h e  C-radome, o r  13 .91  inches. Figure 1 
a l s o  shows t h e  locat ion of t h e  two radomes r e l a t i v e  t o  a common r e f e r -  
ence plane on t h e  airplane.  
consisting of molded Fiberglas impregnated with a synthet ic  resin;  the  
nominal thickness of both radomes w a s  3/8 inch. The outer  surfaces o f  
the  radoltes were coated with Gayco, a rubber-like material, t o  resist  
erosion and abrasion. 
I 
Both radomes were of s imilar  construction, 
The radar operates i n  t h e  X-band (3 .2  cm wavelength) with nominal . 
frequencies of 9245 and 9375 megacycles f o r  t h e  C -  and D-radomes, respec- 
t i v e l y .  The operation of t h i s  type of radar  can b e s t  be seen by reference 
* 
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t o  f igu res  2 and 3. 
antenna d i r e c t s  t h e  microwave s i g n a l  towards t h e  antenna, which r e f l e c t s  
t h e  electromam-etic beam forward. Since t h e  f eed  i s  rectangular,  a beam 
which i s  e l l i p t i c a l  i n  cross sec t ion  is  obtained. The antenna nuta tes  
about a sp in  a x i s  and i s  a l so  s e t  at an angle with respect  t o  t h e  spin 
axis as shown i n  figure 2. The radar  beam i s  thus made t o  follow a 
wobble motion; t h e  center  of t h e  beam descr ibes  the  surface of a cone 
i n  space. I n  addition, t h e  antenna moves or scans with respect  t o  t h e  
radome axis i n  both t h e  azimuth and elevat ion planes. 
r e s t r i c t e d  t h e  scan angle t o  &30° and k35' on t h e  C- and D-radomes, 
respect ively.  
of t he  antenna w i l l  r e turn  a s e r i e s  of echos that are amplitude-modulated 
as t h e  antenna ro t a t e s .  
ca t e  t h e  angular displacement of t h e  l i n e  of s igh t  from t h e  antenna t o  
t h e  objec t  r e l a t i v e  t o  t h e  radome axis.  
The radar feed which p ro jec t s  ahead of t h e  parabol ic  
Space l imi t a t ions  
Any objec t  t h a t  f a l l s  within t h e  beam during a nutat ion 
The modulated s igna l  can then  be  used t o  ind i -  
The antenna and necessary electronic  equipment toge ther  with t h e  tes t  
radomes were mounted on a f a i r e d  afterbody i n s t a l l e d  i n  t h e  t es t  sec t ion  
of t h e  i c i n g  research tunnel.  A view of  t h e  setup with t h e  C-radome 
removed showing t h e  antenna i s  shown in f i g u r e  3. A photograph of t h e  
i n s t a l l a t i o n  with t h e  D-radome i s  shown i n  f i g u r e  4.  The nozzle shown 
a t  t h e  nose of t h e  radome i s  p a r t  of the l i q u i d  ic ing-protect ion system. 
Experiment a1 Procedure 
The experimental inves t iga t ion  was divided i n t o  t h r e e  phases: (1) 
determination of t h e  r a t e  and locat ion of water-droplet impingement on 
t h e  radome and t h e  manner i n  which the radome iced, ( 2 )  measurement of 
t h e  e f f e c t  of radome i c ing  on t h e  radar cha rac t e r i s t i c s ,  including 
e f f e c t s  on transmission and displacement of t he  radar  beam, and (3) 
evaluat ion of t h e  effect iveness  of the l i q u i d  ic ing-protect ion system. 
The experimental setup and procedure for each phase of t h e  inves t iga t ion  
a r e  discussed separately.  
Droplet impingement and ic ing.  - The determination of t h e  r a t e  and 
loca t ion  of t h e  water-droplet impingement w a s  accomplished by a t r a c e r  
technique. Small amounts of a water-soluble dye (Azo Rubine) were placed 
i n  t h e  icing-cloud spray water which was i n j e c t e d  i n t o  t h e  tunnel  a i r  
stream ahead of t he  t e s t  sect ion a t  a i r  temperatures above freezing.  
S t r i p s  of an absorbent paper were wrapped around t h e  radome surface upon 
which the water-dye solut ion impir,ged during t h e  shor t  (1 t o  10 sec) 
exposure period. The liquid-water content of t h e  cloud during these  
shor t  exposures was obtained by exposing a narrow s t r i p  of t h e  absorbent 
paper having a high and Jsnown col lect ion e f f ic iency .  
co l l ec t ed  on t h e  absorbent paper w a s  determined by means of a spectro- 
photometer, which together with t h e  known dye concentration i n  the  spray 
cloud yielded t h e  l o c a l  r a t e  of  deposition of water on t h e  radome and t h e  
The quant i ty  of dye 
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l o c a l  col lect ion eff ic iency.  Impingement r e s u l t s  were obtained f o r  both 
t h e  C- and D-radomes a t  a i rspeeds of approximately 175 and 290 miles per 
hour, angles of a t t ack  of  Oo and 4O, l iquid-water contents of 0.4 and 
1.14 grams per cubic meter, and mean e f f ec t ive  droplet  diameters of 
9 t o  14  microns. 
Operation of t h e  cloud-spray system at  subfreezing a i r  temperatures 
produced i c ing  of the  radomes. The radomes were allowed t o  i c e  f o r  
per iods of 15 minutes, during and a f t e r  which v isua l  observations and 
photographs of t h e  i c e  formations were obtained, together  with measure- 
ments of t h e  i c e  thickness  a t  t h e  end of t h e  i c ing  period. Ic ing of  t h e  
radomes was obtained a t  a i rspeeds of 168 and 275 miles per  hour, angles 
of a t tack  0' and 4O, a i r  t o t a l  temperatures of -5' t o  +12O F, l i qu id -  
water content of approximately 0.9 gram per  cubic meter, and volume- 
median droplet diameters of approximately 10 t o  12  microns. 
Effect of i c i n g  on radar  cha rac t e r i s t i c s .  - The t e s t s  were conducted 
as  nearly as possible  i n  accordance with t h e  spec i f ica t ions  of t h e  A i r -  
c r a f t  Industr ies  Association (reference 2 ) ,  with t h e  recommended klystron 
s igna l  source i n  place of t h e  magnetron o rd ina r i ly  used i n  a i r c r a f t  radar .  
A sketch showing t h e  arrangement of t h e  radome and e l e c t r i c a l  equipment 
f o r  t h e  transmission t e s t s  i s  given i n  figure 5. One-way transmission of 
t h e  radar beam i n t o  the  radome w a s  used t o  isolate  t h e  transmission 
lo s ses  from the e f f e c t s  of  beam def lec t ion .  Conversely, one-way t r ans -  
mission of t he  beam out of t he  radome t o  a t a r g e t  antenna was used i n  
the  beam-deflection tes ts  t o  obtain maximum s e n s i t i v i t y  and t o  i s o l a t e  as 
much as possible t h e  e f f e c t s  of transmission. The s i g n a l  equipment, 
which consisted of a s igna l  generator ( including power supply and 
modulator) with a 2K39 klystron reflex o s c i l l a t o r  having a 250-milliwatt 
output, was f e d  from a 115-volt o u t l e t  through a constant-voltage t r ans -  
former t o  e l iminate  e f f e c t s  of changes i n  l i n e  voltage. The rest of t h e  
t ransmit t ing un i t  included a su i t ab le  adapter, a t tenuator ,  wave guide, 
and t ransmit t ing antenna. The klystron tube and tuner,  adapter,  a t tenu-  
a tor ,  and antenna were mounted on t h e  icing-cloud spray-system frame 
loca ted  ahead of t h e  tunnel  contract ion sect ion.  A view of t h e  t r ans -  
m i t t e r  mounted on t h e  spray frame i s  shown i n  f igu re  6. The dis tance 
between the t ransmi t t ing  and receiving antennas w a s  39 feet  9 inches. 
The receiver sect ion ins ide  t h e  radome w a s  so mounted a s  t o  maintain 
t h e  same loca t ion  of the antenna with respect  t o  t he  radome a s  i n  t h e  
a i rp lane .  The receiver,  including the  receiving antenna and feed, a 
double-slug tuner, a bolometer de tec t ing  sect ion,  antenna mount, and 
drive,  was i n s t a l l e d  on a movable car r iage  ins ide  the  radome. Leads from 
the  detect ing sec t ion  were brought outs ide t h e  tunnel  t e s t  sec t ion  t o  t h e  
bolometer power supply, preamplifier,  and amplif ier ,  and then t o  a polar  
recorder.  The receiving and t ransmi t t ing  antennas were a l ined  f o r  maxi- 
mum received power. 
warm-up t i m e ;  a supply of dry a i r  w a s  used t o  prevent overheating of t he  
k lys t ron  tube. 
detrimental  e f f e c t s  on the  spray cloud; t h e  t r ansmi t t e r  w a s  adequately 
shielded from i c e  and moisture. 
A l l  e l e c t r i c a l  equipment w a s  allowed s u f f i c i e n t  
Mounting o f  t h e  t ransmi t te r  on t h e  spray frame had no 
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With the tunnel inoperative and the radome remove@, t h e  system w a s  
tuned f o r  100-percent power transmission. 
and the  transmission obtained w a s  checked against  values previously 
measured i n  dry-air  s t a t i c  t e s t s  (98 percent f o r  t h e  D-radome and 
87 percent f o r  t h e  C-radome a t  0' azimuth and elevat ion) .  When the  
desired tunnel airspeed and temperature conditions were reached, the  
radome w a s  iced f o r  a period of 15 minutes a t  the  spec i f ied  ic ing  condi- 
t ions .  Transmission measurements were made during t h e  ic ing  period with 
a r e l a t i v e  angle of 0' between the antenna and radome axes i n  both 
azimuth and elevat ion planes. A t  the  end of t h e  i c i n g  period t h e  tunnel  
w a s  f u r t h e r  re f r igera ted  t o  a i d  i n  preserving t h e  i c e  formation. After 
t h e  tunnel w a s  shut down, the  radome was disconnected from t h e  afterbody, 
and the  movable carriage on which t h e  radome and receiving antenna were 
mounted was pul led forward a suf f ic ien t  dis tance t o  allow t h e  radome t o  
be ro ta ted  and pivoted. Transmission measurements were than taken a t  
various scan angles i n  t h e  azimuth plane. The radome w a s  then r o t a t e d  
900 i n  a clockwise direct ion looking downstream around t h e  longi tudinal  
ax is  of the  model, and transmission measurements a t  various scan angles 
were again made. I n  f l i g h t ,  the  antenna scans through an angle range 
with respect t o  a f ixed  radome. In the tunnel t e s t s ,  however, t h e  radome 
w a s  pivoted about a f i x e d  antenna t o  avoid moving t h e  t ransmit t ing 
antenna. With t h e  radome a t  Oo scan angle with respect t o  the  antenna 
ax is  i n  the  azimuth and elevation planes, t h e  radome w a s  r o t a t e d  around 
the longi tudinal  ax is  of the  model a full revolution clockwise looking 
downstream and a record of the  transmission obtained. A t  one tes t  con- 
d i t i o n  t h e  transmission of the dry radome and t h e  transmission through 
t h e  spray cloud and wetted radome at  a i r  temperatures above freezing 
with t h e  tunnel operating were a l so  obtained. Frequent checks of t h e  
transmission with the radome rznoved ~ i e r e  made during t h e  measurement 
period. 
The radome w a s  Ynen i n s t a l l e d ,  
For t h e  beam-deflection o r  bore-sight s h i f t  measurements, the  t r a n s -  
mit t ing and receiving antennas were interchanged and a vacuum-tube 
voitmeter w a s  su3stitutecl for the polar recorder. A sketch of the  equip- 
ment arrangement f o r  t h e  beam-deflection t e s t s  i s  given i n  f igure  7. The 
t ransmit t ing antenna w a s  o f f s e t  from i t s  ax is  of r o t a t i o n  by a cam ( s e e  
f i g .  2 ) ,  so  t h a t  by ro ta t ing  t h e  transmitt ing antenna the radar beam w a s  
made t o  follow a c i rcu lar  path around t h e  t a r g e t  antenna (polar iza t ion  
w a s  kept horizontal) .  
d i f ferences i n  readings from t h e  ta rge t  antenna a t  r o t a t i o n a l  posi t ions 
of t h e  t ransmit t ing antenna 180' apart. The system w a s  ca l ibra ted  i n  
t h e  tunnel (with t h e  radome removed) by displacing t h e  t a r g e t  antenna 
known distances horizontal ly  i n  a plane perpendicular t o  the  longi tudinal  
ax is  of the  tunnel and recording the  maximum and minimum power values 
corresponding t o  180° ro ta t ion  of the t ransmit t ing antenna. The radome 
w a s  then i n s t a l l e d  and iced a t  t h e  desired conditions f o r  15 minutes. 
A t  t h e  end of t h e  ic ing  period t h e  radome w a s  pivoted through a range of 
scan angles with t h e  transmitt ing antenna being r o t a t e d  a t  each angular 
With no deflection of the  beam, there  are no 
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scan posit ion t o  obtain t h e  beam s h i f t  corresponding t o  the  difference 
i n  t h e  maximum and minimum power readings. 
90° as i n  t h e  transmission t e s t s ,  and t h e  beam deflect ion measurements 
were repeated. 
The radome w a s  then ro ta ted  
Fluid-protection system. - The f lu id-pro tec t ion  system consisted 
simply of a spray nozzle located i n  the  radome nose which sprayed a mix- 
stream t o  remove or  
@J 
cn 
a, 
t u r e  of ethylene glycol and water ahead of t h e  radome; the  spray mixture 
w a s  then swept back on the  radome surface by the a i r  U 
prevent ice  a s  desired.  
40 percent water by weight w a s  employed as producing t h e  grea tes t  
depression i n  the freezing point.  
aqueous ethylene glycol mixtures i s  given i n  f igure  8. 
of a red dye (Azo Rubine) w a s  placed i n  the  g lycol  f l u i d  mixture t o  a i d  
i n  distinguishing t h e  f l u i d  spray from the  impinging cloud water and ice .  
Glycol was chosen as the  protect ive f l u i d  s ince it i s  p r a c t i c a l l y  non- 
v o l a t i l e  and thus avoids t h e  appreciable cooling e f f e c t s  obtained from 
the evaporation of v o l a t i l e  f l u i d s  such as alcohol. 
A mixture of 60 percent ethylene glycol and 
A curve of t h e  freezing point  of 
A s m a l l  amount 
Several d i f fe ren t  types of spray nozzles were employed i n  the  inves- 
t iga t ion ,  including both air-atomizing and fluid-atomizing nozzles. The 
four  types of fluid-atomizing nozzles used a r e  shown i n  f i g u r e  9. Three 
types of air-atomizing nozzles were used, two of which def lected t h e  
f l u i d ,  spraying through an annular opening. 
the  f lu id ,  but sprayed s t r a i g h t  ahead. Photographs of air-atomizing 
nozzles are shown i n  f igure  10. The T364M (shown i n  f i g .  10) and T365M 
deflecting-type nozzles were e s s e n t i a l l y  the same, t h e  T364M nozzle 
spraying t o  the  rear  a t  45' while t h e  T365M nozzle sprayed forward a t  
45O. A sketch of t h e  i n s t a l l a t i o n  of t h e  T364M nozzle i s  shown i n  f i g -  
ure  11. All nozzles sprayed a hollow-cone pa t te rn .  The glycol mixture 
w a s  f e d  from a pressurized supply tank through su i tab le  regulator  valves 
and a rotameter. 
The t h i r d  did not def lec t  
Fluid and a i r  pressures were measured a t  t h e  nozzle. 
The procedure i n  evaluating the  an t i - ic ing  performance of the  l i q u i d  
After t h e  desired tunnel  airspeed and protection system w a s  as follows: 
temperature were obtained, the glycol w a s  turned on i n  s u f f i c i e n t  quan- 
t i t y  (approximately 40 lb/hr) t o  f lood t h e  radome surface.  
cloud a t  the desired density and droplet s i z e  w a s  then s t a r t e d .  The 
glycol  f l o w  r a t e  w a s  then gradually reduced u n t i l  a marginal flow r a t e  
w a s  obtained, t h e  point  a t  which i c e  p a r t i c l e s  were observed t o  begin 
forming and remaining on the  radome surface. For t h e  air-atomizing 
nozzles, t e s t s  were made a t  various nozzle a i r  pressures.  
vations and photographs were made during t h i s  evaluation process. 
The ic ing  
Visual obser- 
For the case of de-icing, t h e  radome w a s  allowed t o  i c e  f o r  a speci-  
f i e d  period at the  desired speed, temperature, and ic ing  conditions. 
The glycol spray was then turned on a t  an a r b i t r a r y  value of flow r a t e  
and pressure while the  ic ing  cloud continued t o  impinge on the  surface. 
The time and manner of de-icing were recorded by photographs and v isua l  
observations. 
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The r e s u l t s  of t he  invest igat ion are discussed separa te ly  i n  terms 
of t h e  radome i c ing  cha rac t e r i s t i c s ,  including water-droplet  impingement 
and type of ic ing,  t h e  e f f e c t s  of icing on t h e  radar cha rac t e r i s t i c s ,  
and t h e  evaluat ion of  t h e  fluid-protection system. ' 
I C  ing Character is  t i c  s 
Results obtained by t h e  t r a c e r  technique f o r  t h e  impingement charac- 
t e r i s t i c s  of t h e  two radome configurations showed both the  r a t e  and 
loca t ion  of  deposit ion of t h e  cloud water on t h e  radome surface.  
i c e  formations were a l so  obtained a t  various icing, speed, and tempera- 
t u r e  conditions.  
Typical 
Water-droplet impingement. - The cloud obtained i n  the  tunnel  con- 
ta ined  water drople t s  of various diameters. The s i z e  d i s t r i b u t i o n  
obtained i s  given i n  figure 1 2  i n  terms of t he  volume-median droplet  
diameter &, which i s  defined as  t h e  diameter f o r  which half  t h e  cloud 
water volume i s  contained i n  droplets  less than the  median and ha l f  of 
t he  w a t e r  volume i s  i n  droplets  greater than the  median. The droplet-  
s i z e  d i s t r i b u t i o n  obtained i n  t h e  tunnel i s  f a i r l y  c lose  t o  t h e  type C 
and D d i s t r ibu t ions  of reference 3. 
The results of t h e  inves t iga t ion  o f  water-droplet, impingement on t h e  
radome a r e  presented i n  f igu res  13 and 1 4  f o r  t h e  two radome configura- 
t i o n s  a t  two angles of a t tack .  The d i s t r ibu t ion  of t h e  impinging water 
or1 the surface i s  given i n  terEs of the loci1 izpingement e f f ic iency  !3, 
which is  t h e  r a t i o  of t h e  amount of  water impinging on a d i f f e r e n t i a l  
area of t h e  radome t o  t h e  maximum water t h a t  could impinge on t h i s  l o c a l  
a rea  of t h e  radome i f  a l l  t he  droplet  t r a j e c t o r i e s  were p a r a l l e l  t o  one 
another and t o  t h e  undisturbed air  streamlines and if t h e  surface area 
were preJected i n t o  8 plane perpendicular t o  the  t ra , iec tor ies .  The 
l o c a l  r a t e  of water in te rcept ion  may be obtained by multiplying t h e  P 
values by t h e  cloud liquid-water content and airspeed. The t o t a l  r a t e  
of water in te rcepted  by the  radome i s  obtained by in t eg ra t ing  t h e  l o c a l  
rate of in te rcept ion  over t he  e n t i r e  wetted area of t h e  radome. 
I n  general, a l l  t h e  curves of water in te rcept ion  show t h e  same rela- 
t i ons .  The curves f o r  zero angle of a t tack  are,  of course, symmetrical 
about t h e  radome nose. 
in te rcept ion  i s  s h i f t e d  approximately 1 t o  2 inches away from t h e  nose, 
but t h e  curves a r e  s t i l l  approximately symmetrical around t h e  loca t ion  
of t h e  peak value. A f t  of t h e  peak point t h e  curves decrease approxi- 
mately l i n e a r l y  t o  a P value of about 1 t o  2 percent,  where they bend 
sharply, ind ica t ing  a r e l a t i v e l y  large area of t h e  radome co l l ec t ing  
very s m a l l  amounts of water. 
A t  an angle of a t t a c k  of 4' t h e  peak rate of 
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The d i s t r ibu t ion  of impingement with surface d is tance  from t h e  
radome nose decreases much more sharply on t h e  C-radome than on t h e  
D configuration, but  t h e  C-radome has a grea te r  r a t e  of impingement i n  
t h e  nose area.  
var ia t ion i n  t h e  locat ion of t h e  peak impingement point  than does t h e  
D-radome. 
with a comparison of t h e  experimental r e s u l t s  with t h e  t h e o r e t i c a l  
values of Langmuir ( reference 3) f o r  impingement on spheres. The theo- 
r e t i c a l  curves were obtained by weighting the  data of Langmuir f o r  
s ing le  droplet s izes  i n  accordance with t h e  experimental cloud droplet-  
s i z e  d is t r ibu t ion  of f i gu re  12. 
impingement e f f i c i enc ie s  i s  obtained, espec ia l ly  f o r  t h e  C-radome. 
A t  4O angle of a t t ack  the  C-radome shows a smaller 
N 
(3, 
03 
P 
A comparison of t h e  impingement on t h e  t w o  radomes a t  t h e  
same speed and droplet-s ize  conditions i s  given i n  f igu re  15, together  
F a i r l y  good agreement of t h e  loca l  
A t o t a l  co l lec t ion  e f f ic iency  Em of water in te rcept ion  may be 
defined as t h e  r a t i o  of t h e  ac tua l  t o t a l  amount of water impinging on 
t h e  radome t o  t h e  maximum amount of water t h a t  could impinge on t h e  
model. This maximum catch i s  the  amount of water t h a t  would impinge on 
t h e  radome model including the,model afterbody i f  t he re  were no de f l ec t ion  
of t h e  water droplets :  
M 
Em = 0.3296 mVA 
where 
Em t o t a l  co l lec t ion  e f f ic iency  
M t o t a l  r a t e  of water intercepted, lb /hr  
m cloud l iquid-water content, g/cu m 
V airspeed, mph 
A projected area,  sq f t ,  corresponding t o  maximum diameter of radome 
model afterbody, 3.19 f t  
An equivalent sphere co l lec t ion  e f f ic iency  may a l s o  be  defined i n  
which the area used i n  t h e  denominator of t h e  e f f i c i ency  term i s  t h e  
area of a c i r c l e  with a radius  equal t o  that o f  t h e  radome nose radius  
( f i g .  1). The experimentally determined co l l ec t ion  e f f i c i e n c i e s  a t  
various airspeed, droplet-s ize ,  and angle-of-attack conditions i s  
given i n  the  following tab le :  
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N 
m 
a, 
P 
Radome 
type 
C 
D 
Airspeed 
V 
b P h )  
17 6 
17 9 
286 
288 
17 4 
17 6 
288 
290 
17 6 
17 6 
290 
17 7 
17 6 
290 
2 89 
Volume - 
median 
droplet  
diameter 
d, 
:microns) 
11 
14 
9 
12 
11 
14 
9 
12 
11 
14 
9 
11 
14 
9 
12 
Angle 
of 
a t tack  
( deg) 
Experimental co l lec t ion  e f f ic iency  
{percent ) 
Equivalent sphere 
eff ic iency 
(Based on nose 
radius)  
1.7 
4.4 
2.9 
5.9 
1.5 
3.9 
2.5 
4.7 
0.4 
1.4 
.7 
.3 
1.1 
.7 
1.9 
Total e f f ic iency  
%l 
(Based on model 
maximum radius)  
0.23 
.58 
.38 
.78 
.2 
.51 
.33 
.62 
0.19 
.7 
.39 
.14 
.58 
.35 
.97 
Radome ic ing  charac te r i s t ics .  - The r e s u l t s  of a study of t y p i c a l  
radome i c i n g  a r e  presented i n  t h e  photographs of f igures  16 and 17 f o r  
the C -  and D-radomes, respectively.  The photographs of f i g u r e  16 ind i -  
ca te  t h a t  t h e  main i c e  formation on the C-radome i s  coiiflned t o  a r a t h e r  
narrow region near the  radome nose. These main formations extend rear- 
ward a dis tance of 6 t o  8 inches and are  followed by a very l i g h t  f r o s t -  
l i k e  formation t h a t  extends t o  the rear of t h e  radome. The r e l a t i v e l y  
s m a l l  a rea  of t h e  main i c e  formation agrees with t h e  r e s u l t  of f i g -  
ure  13, which showed most of t h e  water IripInging in m a r e a  4 to 6 inches 
from t h e  radome nose a t  zero angle of a t t a c k  together with a sharp 
decrease i n  t h e  l o c a l  co l lec t ion  eff ic iency af t  of t h e  nose. Consider- 
able  differences i n  the type of i c e  on t h e  C-radome r e s u l t  from var ia t ions  
i n  airspeed, temperature, and r a t e  of impingement. Figure 16(a) ind i -  
ca tes  a dark area approximately 2 inches i n  diameter. This dark area 
does not indicate  t h e  absence of i c e  but t h a t  t h e  i c e  present i s  of a 
glaze, t ransparent  type. This glaze area w a s  approximately 5/16 inch 
th ick  and w a s  followed by a rough formation of opaque ( o r  rime) i c e  i n  
t h e  form of overlapping fea thers .  Th i s  glaze formation a t  t h e  nose 
r e s u l t s  from a combination of e f fec ts  of a i r  temperature, airspeed, 
co l lec t ion  rate, and droplet  s ize .  A t  the  low airspeeds, a la rge  per-  
centage of t h e  water impinging upon the  nose area i s  i n  t h e  form of 
r e l a t i v e l y  l a r g e  droplets  which break and form a f i l m  of water before  
f reez ing  and thus entrap l i t t l e  or  no a i r .  In  addition, t h e  nose a r e a  
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has the  g rea t e s t  temperature recovery and t h e  g rea t e s t  r a t e  of impinge- 
ment, thus producing a r e l a t i v e l y  l a rge  r e l ease  of heat  of fusion. A l l  
these  e f f ec t s  combine t o  prevent instantaneous f reez ing  of  t h e  droplets  
upon contact and t h e  subsequent entrainment of a i r  t h a t  produces the  
opaque r i m e  formation. 
rime 3/4 inch th ick .  The formation of f igu re  16(c) ,  which was obtained 
a t  t h e  same airspeed but s l i g h t l y  higher a i r  temperature and water con- 
t e n t  than f igu re  16(b) ,  has a semiglaze formation a t  t h e  nose. In  f i g -  
I n  f i w r e  16(b)  t h e  nose formation i s  a semi- 
u re  16(d) t h e  dark a rea  at the  nose has e n t i r e l y  disappeared, a pure rl 
rime formation being obtained. (D 03 cu 
The r e s u l t s  of ic ing  of t he  D-radome ( f i g .  1 7 )  show the  same general  
types of formations as f o r  t h e  C-radome. The main i c e  formation i s  
spread over a grea te r  area,  has a more gradual change i n  thickness,  and 
i n  general i s  s l i g h t l y  rougher than t h a t  of t h e  C-radome. The main i c e  
formation w a s  followed by t h e  c h a r a c t e r i s t i c  f r o s t - l i k e  formation. This 
f r o s t - l i k e  i c e  i s  bel ieved t o  be t h e  r e s u l t  of a secondary turbulent  
deposit  o f  very small drople t s  caused by t h e  presence of t h e  main i c e  
formation on t h e  nose of  t h e  radgme. The i ce  formations on the  D-radome 
were more glaze- l ike than f o r  t he  C-radome a t  s i m i l a r  conditions.  This 
r e s u l t  i s  t o  be expected as t h e  l a r g e r  and b lunter  D-radome w i l l  d e f l ec t  
a greater  percentage of t h e  s m a l l  d rople t s  t h a t  produce r i m e  formations 
than the  smaller sharper-no sed C-radome. 
The formations on both radomes were very rough, porous, and of vary- 
ing kinds o f  i ce .  
var ia t ion  i n  t h e i r  propert ies ,  espec ia l ly  t h e  e l e c t r i c a l  conductivity 
and d i e l e c t r i c  constant, and hence wide var ia t ion  i n  t h e i r  e f f e c t  on 
radar transmissfon. Dorsey (reference 1) indica tes  considerable var ia-  
t i o n  i n  the e l e c t r i c a l  p roper t ies  of s o l i d  i c e  made i n  t h e  laboratory; 
and t h e  rough, i r r egu la r  formations obtained on t h e  radomes would be 
expec ted to  exhib i t  an even g rea t e r  range of e l e c t r i c a l  p roper t ies .  
Such i c e  formations w i l l  probably have considerable 
It should be emphasized t h a t  t h e  r e s u l t s  of both t h e  water-impingement 
and ic ing s tudies  a r e  s t r i c t l y  appl icable  t o  t h e  radome and afterbody 
shapes t e s t ed  and f o r  t he  spec i f i c  drople t - s ize  conditions obtained i n  
t h e  tunnel. The droplet-s ize  d i s t r i b u t i o n  obtained i n  t h e  tunnel, how- 
ever, i s  f e l t  t o  be  f a i r l y  representa t ive  of na tu ra l  conditions,  and t h e  
impingement and ic ing  r e s u l t s  should be very close t o  those obtained i n  
f l i g h t .  For  most design purposes, in te rpola t ion  of t h e  impingement 
r e s u l t s  reported here in  should y i e ld  values of s u f f i c i e n t  accuracy f o r  
s i m i l a r l y  shaped bodies. 
experimental and t h e o r e t i c a l  r e s u l t s  ( f i g .  15) ind ica t e  t h a t  t h e  sphere 
values may be  used espec ia l ly  f o r  t he  case of d i f f e r e n t  drople t - s ize  
d i s t r ibu t ions .  Design values s o  obtained should have an accuracy com- 
parable  with t h a t  with which t h e  cloud l iquid-water content i s  known. 
In  addition, t h e  f a i r l y  c lose  agreement of t h e  
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The e f f e c t s  of i c ing  on the  radar  performance were invest igated i n  
terms of t h e  loss i n  energy transmitted and t h e  de f l ec t ion  of t he  radar 
beam. 
temperature, and airspeed conditions. 
Results showing these  e f f ec t s  are presented f o r  s eve ra l  ic ing,  
Effect  on transmission. - Previous t o  t h e  inves t iga t ion  of t h e  
e f f e c t s  of i c e  on transmission, a few checks were made t o  determine t h e  
e f f e c t s  of operation of t he  tunnel and t h e  spray cloud a t  a i r  tempera- 
t u r e s  above f reez ing  on the  radome transmission cha rac t e r i s t i c s .  With 
t h e  tunnel  operating a t  an airspeed of 275 m i l e s  per  hour, a i r  tempera- 
t u r e  of 29O F, and no spray cloud, transmission through t h e  D-radome at  
Oo i n  t h e  azimuth and elevat ion planes showed approximately a 2-percent 
reduction from t h a t  with the  radome removed. 
liquid-water content of approximately 0.8 gram per cubic meter, and 
volume-median droplet  diameter of approximately 1 2  microns a t  an a i r  
temperature above freezing, a reduction i n  one-way transmission through 
the  D-radome up t o  5 percent w a s  obtained. It i s  bel ieved t h a t  t h i s  
loss i s  caused almost e n t i r e l y  by t h e  water f i l m  on t h e  radome surface 
r a the r  than by the  drople t s  i n  the  cloud. Unpublished ca lcu la t ions  and 
f l i g h t  experience ind ica te  t h a t  f o r  3-centimeter radar ,  both drople t s  
and dis tances  through a cloud l a r g e r  than those employed i n  the  i c ing  
tunnel inves t iga t ion  would be required a t  normal water contents t o  pro- 
duce measurable losses  i n  transmission. The w a t e r  film on t h e  radome 
surface w a s  very th in ,  and the water was ca r r i ed  off by the  a i r  stream 
almost as fast a s  it impinged. Because of t h i s  t h i n  water f i l m ,  t h e  
transmission losses  were r e l a t i v e l y  small as compared with the  l a r g e  
values t h a t  have been obtained ir, s t a t i c  tes ts  where l a rge  amounts of 
water were sprayed on t h e  radome. Unpublished da ta  for such tests have 
indicated transmission losses  up t o  85 percent.  
A t  t h e  same airspeed, a 
Transmission measurements were made during t h e  15-minute per iod i n  
which the ra&zlmcs  ere iced: These r e su l t s  are presented i n  f i g u r e  18 
f o r  t h e  two radomes a t  zero scan angle and zero angle of a t t ack .  A 
t h e o r e t i c a l  curve has a l so  been plot ted f o r  comparison with t h e  experi-  
mental values. This t heo re t i ca l  curve w a s  computed from t h e  equations 
of reference 4 f o r  normal one-way transmission through a f l a t  p l a t e  of 
i c e  increasing i n  thickness a t  t h e  r a t e  of 2 inches pe r  hour. A 
d i e l e c t r i c  constant for i ce  of 3.3 and a loss f a c t o r  of 1.66)(10-6 
(defined as e l e c t r i c a l  conductivity of  material divided by product of 
frequency and d i e l e c t r i c  constant) were assumed. A l l  t he  experimental 
curves tend t o  o s c i l l a t e  as does t h e  t h e o r e t i c a l  curve; this e f f e c t  i s  
more pronounced f o r  t h e  D- than f o r  the C-radome. This r e s u l t  should be 
expected, since, as the  i c e  thickness increases  i n  mult iples  of t h e  wave- 
length, a l t e r n a t e  re inforcing and cancel la t ion e f f e c t s  w i l l  occur as t h e  
wave i s  r e f l ec t ed  i n  i t s  passage through t h e  i ce  layer .  The average r a t e  
of decrease i n  transmission and t h e  average r a t e  of ice deposit ion a t  t h e  
radome nase i s  given f o r  t h e  experimental r e s u l t s  i n  t h e  following t ab le :  
1 2  
Radome 
t n e  
D 
D 
C 
C 
NACA RM E 5 2 J 3 1  
Airspeed A i r  t o t a l  
(mph) tempera- 
t u r  e 
( O F )  
274 1 2  
275 -4 
2 7 3  -5 
1 6 8  10 
Average rate of decrease 
i n  transmission 
( percent/min) 
2.8 
3.5 
4 . 2  
2.2 
Average rate of i c e  
accret ion a t  nose 
( i n .  /hr  ) 
1.5 
2 .o 
3.0 
1 . 2 5  
n 
0 
I- 
a 
Although these data  a r e  r a t h e r  l imited,  they indicate  t h a t  t h e  decrease 
i n  transmission i s  primarily a function of i c e  thicknessj  the  var ia t ions  
i n  t h e  type of i c e  appear t o  be of second-order importance. The narrow 
C-radome shows the grea tes t  rate of decrease i n  transmission, primarily 
because of i ts  greater  i c e  accret ion r a t e .  
A t  the end of the ic ing  period, transmission measurements were made 
i n  t h e  inoperative tunnel a t  various scan angles. These r e s u l t s  f o r  the  
two radomes a r e  presented i n  f igures  19 and 20. After measurements were 
made through a range of scan angles with t h e  radome i n  i t s  o r i g i n a l  posi-  
t i o n  r e l a t i v e  t o  i t s  r o t a t i o n a l  axes, t h e  radome w a s  ro ta ted  90' around 
i t s  ax is  and t h e  measurements were repeated. The d i rec t ions  l e f t  and 
r i g h t  and  up and down a r e  measured looking upstream and r e f e r  t o  t h e  
sec tor  of the radome through which t h e  beam scans. Two d i f f e r e n t  curves 
were thus obtained, because, as indicated in  t h e  photographs of f i g -  
ures  16  and 17, the  i c e  formations were unsymmetrical and t h e  radar beam 
w a s  e l l i p t i c a l  i n  cross sect ion with i t s  major axis or ien ted  i n  t h e  
azimuth plane. Values of the  dry radome transmission a r e  a l s o  plot ted.  
The curves of transmission e f f ic iency  f o r  t h e  two radomes d i f f e r  both i n  
magnitude and shape. The dry curve f o r  t h e  C-radome shows a depression 
a t  Oo scan angle, while t h e  transmission through t h e  D-radome i s  constant 
a t  98 percent. 
g r e a t e s t  transmission l o s s  near 0' scan angle, i n  contrast  t o  t h e  curves 
f o r  t h e  D-radome, which are e i t h e r  f l a t  o r  peak near 0' scan angle. 
Aside f r o m  the e l e c t r i c a l  propert ies  of t h e  dry radomes, t h e  shape of 
t h e  transmission curves depends primarily on the  respect ive i c e  forma- 
t ions .  A s  previously shown, t h e  narrow C-radome had t h e  grea tes t  r a t e  
of i c e  accretion, t h e  i c e  formations were confined t o  a r e l a t i v e l y  s m a l l  
area  near t h e  nose, and t h e  formations decreased f a i r l y  rap id ly  i n  thick-  
ness with increasing dis tance from t h e  nose. Thus the  C-radome shows the  
smallest transmission eff ic iency (10 percent) through the  nose area, and 
as t h e  beam moves away from t h e  nose it passes through a region where t h e  
i c e  thickness decreases rapidly and t h e  transmission eff ic iency corre-  
spondingly increases sharply.  I n  contrast ,  t h e  i c e  formations on t h e  
blunt  D-radome a r e  less i n  thickness than f o r  t h e  C-radome, cover a 
grea te r  area, and have a more gradual change i n  thickness.  On t h e  
D-radome, therefore, as t h e  beam sweeps through an angle, it s t i l l  passes 
The experimental curves f o r  the  C-radome a l s o  show t h e  
NACA RM E52531 -* 13 
through an i c e  formation of approximately t h e  same thickness,  and only 
gradual changes i n  t ransniss ion resu l t .  
i c ing  on t h e  radar transmission, a t tent ion should be given not only t o  
the  i c e  thickness but  a l so  t o  t h e  type of i c e  and t h e  iced  area r e l a t i v e  
t o  t h e  s i z e  and shape of the  radar beam. The s i z e  of t h e  antennas pro- 
duces beams tha t ,  i n  cross section, are of t h e  same approximate s i z e  as 
t h e  projected area of the  radome covered by ice .  
angle t h e  t ransmit ted microwave energy i s  an in tegra t ion  over an a rea  
varying i n  both i c e  thickness and type. 
In considering tine e f f e c t  of 
Thus a t  any one scan 
The curves of f igures  19 and 20  show the e f f e c t  of t h e  unsymmetrical 
i c e  formation producing differences i n  transmission e f f ic iency  a t  two 
r o t a t i o n a l  posi t ions of the radome a t  various scan angles. Additional 
r e s u l t s  of t h i s  nature a r e  shown in  figure 21. For these  data  a con- 
tinuous record of t h e  radar  transmission w a s  obtained while t h e  radome 
w a s  ro ta ted  a complete revolution around t h e  longi tudinal  a x i s  of t h e  
model a t  Oo scan angle. For these par t icu lar  t e s t s ,  asymmetric i c e  
formations on t h e  radomes were obtained which' r e s u l t e d  i n  a var ia t ion  of 
over 20 percent i n  transmission efficiency. 
mission were obtained with an iced radome a t  an angle of a t tack  t o  t h e  
a i r  stream, the  data  of f igure  2 1  give an idea of t h e  r e s u l t s  t h a t  might 
be obtained a t  such a condition. As indicated i n  f i g u r e s  13 and 16(d) 
the  i c e  formation a t  angle of attack is very s i m i l a r  t o  t h a t  a t  Oo 
except t h a t  it i s  not centered around t h e  radome nose but  i s  asymmetrical 
with respect t o  t h e  longi tudinal  axis of t h e  radome. Thus t h e  t r a n s -  
mission e f f ic iency  through such i c e  formations would vary s imilar ly ,  
although probably t o  a grea te r  degree, t o  t h e  r e s u l t s  of f i g u r e  21. 
Although no data  on t r a n s -  
A i l  the  transmission resiilts show r a t h e r  lz rge  e f f e c t s  of ic ing  on 
the  radar transmission. Serious losses i n  transmission e f f ic iency  can 
r e s u l t  a f t e r  only shor t  i c ing  exposures. 
transmission eff ic iency specif ied by the a i r c r a f t  manufacturer f o r  the  
D-radome i s  90 percent. 
o d y  5 mimites of ic ing  With i c e  formations as s m a l l  as 1/8 inch th ick .  
I n  general, a l l  the r e s u l t s  indicate  ice thickness and radome geometry 
t o  be t h e  prime f a c t o r s  a f fec t ing  the transmission through an iced 
radome. Airspeed, temperature, and type of i c e  are of second-order 
importance; but t h e i r  exact e f f e c t s  are d i f f i c u l t  t o  evaluate with t h e  
l imi ted  data avai lable .  A t  higher airspeeds, the  loss i n  transmission 
should be grea te r  because of t h e  greater  rate of i c e  accret ion and hence 
i c e  thickness.  
The minimum allowable average 
Eff ic iencies  less than t h i s  were obtained within 
Beam deflect ion.  - I n  addi t ion t o  t h e  reduction i n  transmission, 
another e f f e c t  of i c e  on radar performance i s  t h e  def lec t ion  or s h i f t i n g  
of t h e  radar beam. This def lect ion is caused by r e f r a c t i v e  e f f e c t s  as 
the  beam passes through an asymmetric formation or one of varying th ick-  
ness or type of ice .  This e f f e c t  i s  important i n  t h e  case of t racking 
or gunfire control,  i n  t h a t  a n  erroneous angle and r a t e  of change of 
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angle i s  reported between the  search vehicle and t h e  t a r g e t .  Limited 
measurements of the e f f e c t  of radome i c i n g  on beam def lec t ion  made i n  
t h e  icing tunnel  invest igat ion are presented i n  f i g u r e  22. A l l  d i rec-  
t i o n s  are taken looking upstream. A s  f o r  t h e  case of transmission 
efficiency, measurements were made with t h e  radome i n  i t s  normal posi-  
t i o n  and a f t e r  being ro ta ted  90°. The beam deflect ion has components 
i n  both the azimuth and elevation planes. T i m e  l imitat ions,  however, 
prevented t h e  obtaining of def lect ion measurements i n  t h e  v e r t i c a l  
direction. Results a r e  presented f o r  t h e  C-radome only; t h e  beam 
deflection f o r  t h e  blunt  D-radome would probably be less, s ince t h e  i c e  
formation i s  thinner and of a more uniform thickness. The da ta  of f i g -  
ure  22 are very similar f o r  t h e  two radome posit ions,  espec ia l ly  as t o  
t h e  slope of  the  curve between t h e  two peak values. The grea tes t  beam 
deflection obtained w a s  13.5 m i l s ,  and the slopes of the  def lec t ion  
curves between t h e  peak values were 0.83 and 0.75 m i l  per  degree f o r  
t h e  normal and 90° posit ions,  respectively.  
curves i s  such t h a t  t h e  beam i s  bent inwards towards t h e  longi tudinal  
axis of the radome o r  l i n e  of f l i g h t ;  t h a t  is, when t h e  beam scans t o  t h e  
right it i s  bent t o  t h e  le f t ,  and vice versa. 
The shape of t h e  def lec t ion  
The type and conditions of t h e  ic ing  tunnel  t e s t s  as w e l l  as time 
l imitat ions prevented both t h e  attainment of high accuracy i n  t h e  experi-  
mental measurements and quant i ta t ive  evaluation of a l l  t h e  e r r o r s  of 
measurement. Inaccuracies i n  t h e  transmission measurements include those 
caused by d r i f t  i n  t h e  klystron tube and recorder, t h e  l i n e a r i t y  response 
of t h e  recorder and amplifier,  re f lec t ions  from t h e  tunnel  s ide w a l l s ,  
and temperature e f f e c t s  on the bolometer detect ing element. 
these errors, especial ly  t h e  l i n e a r i t y  response, temperature e f fec ts ,  
and beam-deflection e f fec ts ,  a r e  considered t o  b e  very s m a l l .  
e r r o r  w a s  compensated f o r  by rechecking t h e  gain s e t t i n g  during t h e  
t e s t s .  An addi t ional  possible source of e r r o r  f o r  t h e  beam-deflection 
t e s t s  w a s  t h e  nonuniformity of transmission through t h e  iced  radome. 
The cal ibrat ion used i n  t h e  beam-deflection measurements w a s  based on t h e  
assumption o f  uniform power at tenuat ion throughout t h e  e n t i r e  area 
covered by t h e  beam. This condition is, of course, not  f u l f i l l e d  when 
the  beam is passing through an i c e  formation of nonuniform thickness, as 
evidencedby the transmission r e s u l t s .  Evaluation of the e r r o r  i n t r o -  
duced by t h i s  e f fec t  is  complicated by t h e  f a c t  t h a t  t h e  power readings 
of t h e  target  antenna represent an in tegra t ion  over some por t ion  of a 
beam the  actual geometric locat ion and l o c a l  a t tenuat ion d i s t r i b u t i o n  of 
which i s  unknown. 
by t h e  type of var ia t ion i n  transmission e f f ic iency  as shown i n  f i g -  
ure  19(a) f o r  t h e  C-radome i s  such t h a t  the true beam def lec t ion  would be 
l e s s  than t h a t  indicated i n  f i g u r e  22. 
the  var ia t ion i n  transmission eff ic iency as shown i n  f i g u r e  ZO(b) i s  
such t h a t  the true beam deflect ion would be greater  than  t h e  apparent 
beam deflection. 
Most of 
The d r i f t  
The d i rec t ion  of t h e  apparent beam def lec t ion  caused 
For t h e  D-radome, t h e  e f f e c t  of 
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Evalui t ion of t h e  seriousness of the e f f e c t s  of  i c i n g  of radomes i s  
d i f f i c u l t  because of t he  many unknown and variable f a c t o r s  involved. 
The importance of radome i c ing  w i l l  depend upon t h e  type of radar,  i t s  
location, use, t he  a i r c r a f t  i t s e l f  including i t s  spec i f i ed  mission and 
performance, and any auxi l ia ry  equipment cont ro l led  o r  connected with 
t h e  radar.  S t r i c t l y  speaking, t he  one-way laboratory-transmission and 
beam-deflection t e s t s  may be compared only with similar tes ts  on dry 
radomes. The r e s u l t s  are, however, a measure of t h e  e f f e c t  o f  radome 
i c ing  on ac tua l  radar  operation i n  flight. 
mission i s  of importance as a f f ec t ing  the  use fu l  range of t h e  radar and 
may render objec ts  i n d i s t i n c t  on t h e  radar screen o r  make t h e  gunfire  
cont ro l  servomechanism insens i t ive  or  e r r a t i c  because of e l e c t r i c a l  
noise.  The beam deflect ion i s  of importance i n  t h e  case of t racking o r  
gunfire  control,  espec ia l ly  when the  information i s  f e d  i n t o  a computer. 
To determine t h e  e f f e c t s  of beam deflect ion on, f o r  example, t h e  dis tance 
by which a p r o j e c t i l e  f i r e d  from an interceptor  w i l l  m i s s  i t s  t a rge t ,  it 
i s  necessary t o  know rate of change of t h e  beam-deflection e r ror ,  t h e  
speeds and relat ive paths of t h e  target ,  interceptor ,  and p ro jec t i l e ,  
t h e  range, and t h e  t i m e  of f i r i n g  as well as t h e  instantaneous beam- 
def lec t ion  e r ror .  The r a t e  of change of beam-deflection e r r o r  i s  of 
importance i n  t h a t  it repor t s  a f a l s e  t a r g e t  ve loc i ty  r e su l t i ng  i n  an 
erroneous r a t e  of c losure on the  target .  To t h e  e r r o r  o r  m i s s  d is tance 
from t h i s  source must be added or  subtracted t h e  e r r o r  i n  t a r g e t  pos i t i on  
r e su l t i ng  from t h e  instantaneous beam-deflection e r r o r  a t  t h e  t i m e  of 
f i r i n g .  
cated that  t h e  g rea t e s t  e f f ec t  of radome i c ing  occure i n  t h e  area included 
by scan angles up t o  approximately 30°, which includes the  c r i t i c a l  
region f o r  most gunfire  control  and missile guidance systems. Losses i n  
transmission and beam def lec t ion  from icii ig Fiere obtained t h a t  exceeded 
the  allowable l i m i t s  f o r  t h e  radomes investigated.  S igni f icant  losses  
i n  transmission were obtained with ice formations a t  t h e  radome nose less 
than 1/8 inch th ick .  
The e f f e c t  of l o s s  i n  t r ans -  
Both t h e  beam-deflection and transmission-efficiency da ta  indi- 
. 
I n  addi t ion  t o  the l o s s  li t r s a m i s s i o n  e f f i c i ency  and beam deflec-  
t ion ,  t h e r e  may be other  important fac tors  a f fec ted  by radome i c ing  which 
were not  spec i f i ca l ly  measured. These include polar izat ion,  r e f l ec t ion ,  
increase of the  s ide  lobes, and any e f f ec t s  t h a t  would a r i s e  i n  f l i g h t  
from t h e  use of t h e  normal high-power magnetron tube ins tead  of t h e  low- 
power k lys t ron  tube used i n  t h e  ic ing tunnel tests. Polar iza t ion  e f f e c t s  
are complicated, because they a re  d i f fe ren t  i n  the  e leva t ion  and azimuth 
scan planes.  
could make l a rge  differences i n  t h e  load impedance presented t o  t h e  trans- 
mi t te r ,  and may cause frequency pulling o r  complete stoppage of o s c i l l a -  
t ion .  Frequency pul l ing  i s  of importance i n  t h a t  it can not only r e s u l t  
i n  loss of power output but,  more seriously,  cause t h e  t ransmi t te r  t o  be 
out of tune with the  receiver.  
t h e  side lobe l e v e l  and s h i f t  t h e  radar beam. Application of low-pmer, 
one-way laboratory t e s t s  t o  f l i g h t  conditions has c e r t a i n  inherent l i m i -  
t a t i o n s ,  and t h e  introduct ion of icing conditions makes t h e  evaluat ion 
of t h e  t es t  da ta  even more d i f f i c u l t .  
Even s m a l l  r e f l ec t ions  back i n t o  t h e  t ransmi t t ing  antenna 
Multiple r e f l ec t ions  w i l l  t end  t o  raise 
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I n  general, t h e  r e s u l t s  of t he  inves t iga t ion  ind ica te  t h a t  radome 
i c ing  has ser ious and i n  some cases prohib i t ive  e f f e c t s  on radar  opera- 
t ion ,  and t h a t  means of ic ing  pro tec t ion  a r e  necessary. 
Fluid-Protection System 
I n  the evaluation of t h e  f lu id-pro tec t ion  system both the  an t i - i c ing  
and de-icing cha rac t e r i s t i c s  of t he  system were invest igated.  No meas- 
urements of the  e f f e c t s  of ice,  water, or glycol films on radar per- 
formance were made during these t e s t s  because of l imi t a t ions  of t i m e  and 
of t h e  setup. 
ind ica te  t h a t  t h e  f lu id-pro tec t ion  system, including t h e  nozzle, had no 
s igni f icant  e f f ec t  on the  radar  performance. Most of t h e  evaluat ion of  
the  f luid-protect ion system w a s  performed with the  D-radome, because i t s  
simpler and more fundamental shape made t h e  r e s u l t s  of more general  
application. 
Unpublished data  supplied by t h e  a i r c r a f t  manufacturer 
Anti-icing. - The an t i - i c ing  performance of t h e  f lu id-pro tec t ion  
system was invest igated with severa l  d i f f e ren t  type nozzles. The a n t i -  
i c ing  performance w a s  evaluated on t h e  b a s i s  of t h e  minimum flow of  t he  
glycol  mixture required t o  j u s t  prevent ic ing  of t h e  radome, maintaining 
a running w e t  surface.  No spec ia l  instrumentation was used; t h e  minimum- 
flow point being determined by v isua l  observations. The r e s u l t s  a r e  
presented i n  photographs of  t h e  glycol spray and radome and i n  terms of 
t h e  fluid-flow requirement as a funct ion of t h e  ic ing,  airspeed, and 
temperature Conditions. 
I n  general, t he  performance of t h e  fluid-atomizing nozzles shown i n  
f i g u r e  9 w a s  f a i r l y  s imilar .  All  these  nozzles sprayed the  glycol  mix- 
t u r e  a r e l a t ive ly  la rge  dis tance ahead of t he  radome. For t h i s  reason 
t h e  glycol spray w a s  e a s i ly  influenced by t h e  a i r  stream; even a t  s m a l l  
angles of a t tack  most of t he  glycol  spray would be swept away from t h e  
radome, with large areas  of t h e  radome unprotected even a t  l a rge  flow 
rates. The Monarch nozzle ( f i g .  9)  produced a very narrow spray cone 
with r e l a t ive ly  l i t t l e  atomization. 
w a s  su f f i c i en t  t o  def lec t  most of t h e  glycol  away from t h e  radome sur-  
face.  The 1/4 LNN4 nozzle produced b e t t e r  atomization but  poor per- 
formance a t  angle o f  a t tack  and required la rge  f l u i d  f lows ,  over 3 gal -  
lons p e r  hour a t  275 m i l e s  per  hour, -loo F air  temperature, water 
content of 0.8 gram per  cubic meter, and Oo angle of a t tack .  A t  the  same 
conditions, t h e  1/4 LNN4W (which i s  similar t o  the  1/4 L"4 nozzle but  
with a wider cone angle) gave b e t t e r  performance, requi r ing  approximately 
2 gal lons per hour and performing wel l  a t  angles of a t t a c k  up t o  2O. 
s imi la r  conditions, the  J 3 1 8 D  nozzle indicated an t i - i c ing  obtainable  a t  
An angle of a t t ack  as s m a l l  a s  0.5' 
A t  
I a flow of approximately l2 gal lons p e r  hour; t h e  e r r a t i c  and i r r e g u l a r  
d i s t r ibu t ion  of t h e  glycol  on the  radome surface made determination of 
9Y 
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t h i s  value d i f f i c u l t  and inexact. The forward-spray non-deflecting air-  
atomizing nozzle shown i n  f igu re  10 had, i n  general, a performancz siai- 
lar  t o  t h a t  of t h e  f luid-spray nozzles, being very s e n s i t i v e  t o  t h e  
angle of t he  a i r  stream. 
The two def lec t ing  air-atomizing nozzles (T364M and T365M, f i g s .  10 
and 11) gave t h e  bes t  an t i - j c ing  r e su l t s  both a s  t o  t h e  amount of glycol  
flow required and t h e  d i s t r i b u t i o n  of f l u i d  on t h e  surface.  The rearward 
spray T364M nozzle gave t h e  b e t t e r  performance over t h e  range of condi- 
t i o n s  tes ted ,  bu t  t h e  forward-spraying T365M nozzle was s l i g h t l y  superior  
a t  angle of a t tack.  V i e w s  of t h e  spray cone and flow of f l u i d  on t h e  
radome surface produced by t h e  T364M nozzle a r e  shown i n  f i g u r e  23. The 
two views of f igu re  23(a) and 23(b) show t h e  spray cone with an excess 
flow of f l u i d  on t h e  radome surface.  The glycol  flow r a t e  i s  approxi- 
mately 2 gallons per  hour with no cloud-water spray. Reducing t h e  flow 
r a t e  s l i g h t l y  produces t h e  p a r t i a l l y  wetted surface of f i g u r e  23(  e ) ,  
although the  f u l l  spray cone i s  maintained. Further  reduct ions i n  t h e  
glycol  f l o w  r a t e  r e s u l t  i n  less of t he  radome being wetted with t h e  flow 
i n  t h e  form of  s t reaks  o r  rivulets. Eventually a point  i s  reached a t  
which t h e  spray cone breaks down, and the f l u i d  flows back over t h e  
nozzle and produces a very uneven d i s t r ibu t ion  on t h e  radome. 
The photographs of figure 24 show some t y p i c a l  r e s u l t s  of an t i - i c ing  
on t h e  D-radome with t h e  T364M nozzle. 
f l u i d  i s  supplied and t h e  i c e  i s  building up on the  f r o n t  of t h e  radome. 
Increasing the  flow rate t o  11 pounds per hour ( f i g .  24(b))  e l iminates  
the  i c e  a t  t he  radome nose, bu t  la rge  s lush- l ike  formations appear a t  
t h e  r e a r  of t he  radome. A t  a f l o w  r a t e  of 12.5 pounds per  hour 
( f i g .  24(c) ) ,  t he  radome i s  e n t i r e l y  free f r s m  i ce ,  alt.hough runback 
i c ing  of a s lush type occurs on t h e  afterbody. 
show t h e  f l u i d  and runback i c e  formations remaining on t h e  afterbody 
a f t e r  t h e  34 minute t e s t  run. The large amounts of f l u i d  and i c e  on 
the  afterbody indica te  t h e  poss ib i l i t y  of obscuring t h e  a i r c r a f t  wind- 
sh i e ld  with t h i s  type of system. 
I n  f i g u r e  24(a)  i n s u f f i c i e n t  
Figures 24(c) and 24(d) 
Typical photographs of t h e  radomes with the  T364M nozzle a t  t he  
marginal an t i - ic ing  point  a r e  shown i n  f i g u r e  25 f o r  various conditions.  
A t  t h e  high a i r  temperature and low glycol f l o w  conditions ( f i g s .  25(a) ,  
(b ) ,  and ( c ) )  t he  glycol-water flow over a l a rge  p a r t  of t h e  radome i s  
i n  the form of r ivu le t s .  Despite the f a c t  t h a t  only p a r t  of t h e  radome 
surface i s  wet by t h e  glycol, no i c e  bui lds  up between r i v u l e t s .  Su f f i -  
c i en t  glycol w a s  deposited i n  the  region of d i r e c t  cloud-water impinge- 
ment t o  prevent freezing, t h e  impinging water and t h e  glycol  mixture 
then combiniig t o  flow rearward i n  common rivulets. A t  t h e  low a i r  t e m -  
perature  and higher glycol flow r a t e s  ( f i g s .  25(d) and ( e ) ) ,  p r a c t i c a l l y  
a l l  of t h e  surface i s  wet. A t  these conditions, t h e  f l u i d  flow on t h e  
surface exhibi ted a grainy appearance caused by t h e  presence of l a rge  
drops of water and small p a r t i c l e s  of i c e  i n  t h e  f l u i d  film, although no 
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i c e  adhered t o  the  radome surface.  For t h i s  reason, t he  glycol  flow 
requirements presented herein should be regarded as  minimum values and 
shouldbe increased s l i g h t l y  f o r  p r a c t i c a l  appl ica t ion .  The data  of 
f i g u r e  25 show an increase i n  t h e  f l o w  requirements with decrease i n  a i r  
temperature. The requirement for t he  C-radome a t  10' F is  approximately 
ha l f  that  f o r  t h e  D-radome. Approximately t h e  same amount of water i s  
intercepted by t h e  two radomes, and t h e  deposit ion e f f i c i ency  (defined 
as t h e  r a t i o  of amount of  f l u i d  s t r i k i n g  radome t o  amount of f l u i d  
N 
cn 
0, 
P sprayed) of the  glycol  spray i s  s l i g h t l y  grea te r  f o r  t h e  D- than f o r  
t h e  C-radome. The lower f l u i d  requirement f o r  t h e  C-radome appears, 
therefore, t o  r e s u l t  from a b e t t e r  d i s t r ibu t ion  of deposi t ion of t h e  
f l u i d  mixture on t h e  C-radome r e l a t i v e  t o  the  d i s t r i b u t i o n  of water 
impingement; t h a t  is, j u s t  su f f i c i en t  f l u i d  i s  received a t  each point  
on t h e  C-radome t o  prevent freezing, while on the  D-radome excess f l u i d  
i s  deposited i n  some regions i n  order t o  obtain s u f f i c i e n t  f l u i d  deposi- 
t i o n  a t  other areas .  
The var ia t ion  of t h e  f l u i d  an t i - ic ing  requirement shown i n  f igu re  26 
i s  e s sen t i a l ly  l i n e a r  with t h e  cloud l iquid-water content.  This r e l a t i o n  
i s  as expected, since t h e  eff ic iency of impingement of t h e  cloud water i s  
independent of  t h e  l iquid-water content, and, f o r  t h e  speed and f l u i d -  
flow conditions of i n t e re s t ,  t h e  glycol deposit ion e f f i c i ency  changes 
only s l i gh t ly  with increase i n  f l u i d  flow. The t h e o r e t i c a l  curve w a s  
obtained from the  r e l a t i o n  of t h e  freezing point  of aqueous solut ions o f  
ethylene glycol and by making t h e  assumptions (1) t h a t  t h e  water catch 
on t h e  radome can be  calculated from Langmuir's t h e o r e t i c a l  values f o r  
a sphere having a radius  equal t o  the  nose radius  of t h e  radome and 
( 2 )  t h a t  t h e  radome surface temperature i s  equal t o  t h e  tunnel a i r  t o t a l  
temperature l e s s  20  percent of t he  dry k i n e t i c  r i s e .  These assumptions 
a r e  f a i r l y  valid,  s ince it w a s  previously shown t h a t  t he  water catch on 
t h e  radome i s  c lose ly  approximated by t h e  catch on equivalent spheres; 
and, since t h e  glycol i s  p r a c t i c a l l y  nonvolati le,  evaporation w i l l  cause 
only a small temperature depression, espec ia l ly  a t  t h e  low a i r  tempera- 
t u re s  employed. I n  addition, protect ion i s  required over an area of 
varying temperature and hea t - t ransfer  coef f ic ien t .  Lack of accurate 
knowledge of l oca l  hea t - t ransfer  coef f ic ien t  and t h e  d i s t r i b u t i o n  of 
glycol  on t h e  radome surface preclude accurate  and d e t a i l e d  computations 
of t h e  theore t ica l  f l u i d  requirement. Based on t h e  t h e o r e t i c a l  value 
given, the system ef f ic iency  (defined as r a t i o  of experimental marginal 
f l u i d  requirement f o r  an t i - i c ing  t o  theo re t i ca l  requirement) i s  approxi- 
mately 76 percent f o r  t h e  conditions of f igu re  26. Nonicing t e s t s  made 
by t h e  aircraft manufacturer indicated a deposit ion e f f i c i ency  of t h e  
glycol of approximately 50 percent.  The increased system ef f ic iency  of 
t h e  experimental data r e s u l t s  f rom t h e  glycol-impingement d is t r ibu t ion;  
an excess o f  glycol i s  deposited a t  the  nose and runs back t o  an area 
receiving in su f f i c i en t  glycol  by d i r e c t  impingement. 
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The f l i l i d  m t i - i c i n g  requirement as  a funct ion of a i r  temperature 
f o r  t h e  T364M nozzle is  shown i n  f igu re  27. The a n t i - i c i a g  requirement 
i s  presented i n  terms of t h e  r a t i o  o f  the experimental value of t h e  
amount of glycol mixture required f o r  an t i - ic ing  t o  t h e  amount of cloud 
water intercepted by t h e  radome. The amount of cloud water in te rcepted  
w a s  computed from t h e  radome col lec t ion  e f f i c i ency  in te rpola ted  from t h e  
r e s u l t s  of t he  dye t e s t s  and the  given conditions of airspeed, drople t  
s ize ,  and water content. The theo re t i ca l  curve w a s  obtained i n  t h e  same 
manner a s  t h a t  of f i gu re  26. Considerable s c a t t e r  of t h e  da ta  i s  
obtained pr imari ly  because of t h e  inaccuracy with which t h e  f l u i d  
requirement w a s  determined and t h e  inaccuracy of t h e  computation of t h e  
amount of water intercepted. Limitations i n  t h e  accuracy and ex ten t  of 
the  da ta  prevent any cor re la t ion  of t h e  r e s u l t s  on t h e  b a s i s  of t h e  
nozzle a i r  pressure.  Over t h e  temperature range shown, t h e  system ef f i -  
ciency var ied from approximately 68 t o  86 percent.  
experimental data and t h e  e f f ic iency  of t h e  system shown by f i g u r e  27 
ind ica te  t h a t  u n t i l  more prec ise  data  a re  obtained f o r  t h e  glycol  deposi- 
t i o n  e f f ic iency  and d is t r ibu t ion ,  su f f i c i en t  accuracy i n  computing t h e  
water deposit ion on t h e  radome may be obtained by use of t h e  data of 
t h i s  repor t  o r  from equivalent sphere data.  
The s c a t t e r  of t h e  
The e f f e c t  of angle of a t t ack  on the f l u i d  an t i - i c ing  requirement i s  
shown by t h e  r e s u l t s  of f i gu re  28. 
reverse-flow T364M nozzle, indicate  a l a rge  increase i n  t h e  an t i - i c ing  
requirement f o r  angles grea te r  than 2 O .  The e f f e c t  of angle of a t t a c k  
i s  twofold: on the  s ide  of t h e  radome turned i n t o  t h e  wind the  water 
deposit ion i s  increased with less w a t e r  deposited on t h e  opposite side; 
while f o r  t h e  glycol spray most of the f l u i d  i s  d i r ec t ed  by the  a i r  
stream towards the  s ide  away f r o m t h e  a i r  stream. 
r e s u l t  i n  t h e  rap id  increase i n  t h e  flow requirement a t  angle of a t tack .  
A decrease i n  t h e  flow requirement a t  angle of a t t ack  might be obtained 
by placing t h e  spray nozzle c loser  t o  t h e  radome surface,  thus making it 
less subject  t o  def lec t ion  by the  air stream. Both t h e  C- and D-radomes 
show t h e  same increase in f h i d  requirement with angle of a t tack,  bu t  
t he  requirements f o r  t h e  C-radome a r e  less than f o r  t h e  D-radome. A s  
might be  expected from t h e  sens i t i v i ty  of t h e  glycol  spray t o  def lec t ion  
by the  a i r  stream, airspeed has an important e f f e c t  on t h e  an t i - i c ing  
requirements a t  angle of a t tack.  Increasing t h e  a i r speed  from '230 t o  
275 m i l e s  per  hour almost doubles the requirement f o r  t h e  D-radome. 
These data,  obtained with t h e  
These opposing e f f e c t s  
The va r i a t ion  of f l u i d  an t i - ic ing  requirement f o r  t h e  D-radome with 
airspeed i s  shown i n  f igu re  29 f o r  two angle-of-attack and air-  
temperature conditions. These data  have been weighted i n  accordance 
with t h e  r e s u l t s  of f igures  26 and 27 i n  order t o  compensate f o r  s m a l l  
var ia t ions  i n  liquid-water content and a i r  temperature. Both curves 
tezd  to approach zero an t i - ic ing  requirement a t  a f i n i t e  velocity.  
Theoret ical  s tud ie s  ind ica te  t h a t  there i s  some combination of ve loc i ty  
and droplet  s i z e  a t  which no cloud water w i l l  be deposited on t h e  radome. 
Lack of accurate and de ta i led  knowledge of t h e  dynamics of impingement 
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on the  spec i f ic  radomes prevents exact spec i f ica t ion  of t h i s  cut-off 
velocity.  The increase i n  f l u i d  requirement with angle of a t t ack  shown 
i n  f igure 28 i s  again apparent. A t  zero angle of a t tack,  t h e  e f f e c t  of 
increase i n  a i rspeed i s  pr imari ly  t o  increase t h e  amount of water caught, 
which i s  a d i r e c t  function of a i rspeed and co l lec t ion  eff ic iency,  which 
i n  t u r n  i s  a function of airspeed. Increasing airspeed a l so  increases  
t h e  glycol deposit ion eff ic iency and i n  addi t ion  increases  t h e  heat-  
co 
aY 
t r ans fe r  coeff ic ient ,  thus causing a g rea t e r  surface-temperature cn 
depression. The data of f igu re  29, however, a r e  presented for constant P 
air t o t a l  temperature and there  i s  l i t t l e  change i n  surface temperature 
with airspeed, a r e s u l t  of t h e  increased k i n e t i c  temperature recovery. 
Most of these second-order e f f e c t s  appear t o  cancel one another a t  zero 
angle of attack, t h e  f l u i d  requirement varying almost d i r e c t l y  with 
airspeed. The marked increase i n  requirement a t  angle of a t t ack  r e s u l t s  
primarily f rom t h e  def lec t ion  of t h e  glycol  spray r a the r  than f rom 
veloci ty  e f f e c t s  on the  rate of water impingement. 
Extrapolation of these  r e s u l t s  t o  higher ve loc i t i e s  would appear 
possible  if proper consideration i s  given t o  t h e  e f f e c t s  of veloci ty  on 
the  r a t e  of water impingement, surface temperature, and evaporation 
e f f e c t s .  Greater knowledge is  needed a s  t o  t h e  deposit ion charac te r i s -  
t i c s  of the glycol spray nozzle, pa r t i cu la r ly  a t  the  higher speeds and 
f o r  other nozzle and radome configurations.  
De-icing. - The de-icing or ice-removal performance of t h e  glycol- 
protect ion system f o r  t he  D-radome and t h e  T364M nozzle i s  shown i n  
f igu res  30 t o  33. The radome w a s  iced f o r  a r b i t r a r y  periods before  the  
g lycol  spray was turned on i n  order  t o  obta in  representa t ive  i c e  forma- 
t i o n s  of a s i z e  which, on t h e  b a s i s  of t h e  transmission and beam- 
def lec t ion  tests, would have a s ign i f i can t  e f f e c t  on t h e  radar  perform- 
ance. 
mately equal t o  or grea ter  than t h e  an t i - i c ing  flow rates a t  correspond- 
ing ic ing,  airspeed, and temperature conditions.  The cloud spray was 
continued during the  de-icing period. 
- 
The glycol flow rates were a r b i t r a r i l y  set at values approxi- 
Typical de-icing r e s u l t s  a t  zero angle of a t t ack  are shown i n  t h e  
photographs of f igu re  30. Following the  ic ing  period, t h e  glycol  spray 
quickly covered and penetrated the  i c e  formation; t h e  dark areas i n  the  
photographs show the  presence of t h e  red-dyed glycol.  The de-icing 
process i s  seen t o  be pr imari ly  a washing mechanism, t h e  glycol  eroding 
t h e  formation and breaking it up i n t o  sect ions.  The f l u i d  penetrates  
i n t o  and around the  i c e  formation u n t i l  it i s  loosened from t h e  surface 
and s l i d e s  t o  the  r e a r  of the  radome. De-icing f o r  t h e  conditions of 
f igu re  30 was completed i n  42 minutes, a f t e r  which t h e  radome was f u l l y  
pro tec ted  by an t i - ic ing .  
sprays, t he  radome surface w a s  cleaned off quickly by t h e  a i r  stream. 
1 
Following stopping of t he  cloud and glycol 
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The r e s u l t s  of f i gu re  31 at  2' angle of a t t ack  show t h e  e f f e c t  of 
angle of a t t ack  on t h e  glycol spray. The angle of a t t a c k  i s  such t h s t  
t h e  radome nose i s  displaced away f romthe  camera and t h e  g lycol  spray 
i s  d i rec ted  towards the  far  side.  Prac t ica l ly  a l l  t h e  i ce  formation i s  
wetted by the  glycol  within 30 seconds, after which t h e  erosion process 
continues with most of t h e  i c e  being f i r s t  cleaned o f f  t h e  fa r  s ide  and 
very l i t t l e  glycol  flow occurring on the near s ide .  De-icing of t h e  
I 
e n t i r e  radome w a s  completed i n  approximately 32 minutes. 
Raising the  angle of a t t ack  t o  4' a t  an airspeed of 1 7 1  m i l e s  per 
hour produced t h e  r e s u l t s  of f i gu re  32. 
g lycol  spray is  c l e a r l y  Shown; t h e  f a r  s ide  of t h e  radome w a s  completely 
de-iced i n  l m i n u t e .  The remainder of t h e  de-icing per iod w a s  required 
t o  de-ice t h e  near s ide  of t he  radome. 
s l i g h t  amounts of s lush remained a t  the a f t  end of t h e  radome. Increas-  
ing the  airspeed t o  283 miles per hour a t  4' angle of a t t ack  ( f i g .  33) 
required a four fo ld  increase i n  t h e  glycol-water flow r a t e  t o  obtain 
s imi la r  de-icing performance a t  approximately t h e  same i c ing  and tem- 
pera ture  conditions. 
Again t h e  displacement of t h e  
After 5 minutes of de-icing, 
The de-icing performance i n  general was pos i t i ve  and complete f o r  
a l l  conditions invest igated.  Once t h e  i ce  formations were loosened f r o m  
t h e  radome surface, they s l i d  af t  andwere e i t h e r  ca r r i ed  of f  by t h e  a i r  
forces  o r  continued moving t o  t h e  rear  of t h e  model. The i c e  usua l ly  w a s  
e i t h e r  completely melted or  formed a slush with t h e  glycol  by the  t i m e  
it reached t h e  rear of t h e  radome. Once the  radome w a s  c leared and t h e  
cloud and glycol  sprays turned of f ,  t h e r e  w a s  a t  no t i m e  any not iceable  
res idue on t h e  radome surface.  De-icing tests were confined t o  t h e  
T-364M and T-365M nozzles. 
gave t h e  b e s t  performance, t h e  forward-facing T365M nozzle appearing t o  
be e f f ec t ive  pr imari ly  at angle o f  attack. 
Generally t h e  rearward-facing T364M nozzle 
SUMMARY OF RESULTS AND CONCLUSIONS 
From t h e  inves t iga t ion  of t he  icing and i c ing  pro tec t ion  of t h e  F-89 
radomes t h e  following results and conclusions are summarized: 
1. The impingement and i c ing  cha rac t e r i s t i c s  of t h e  radomes were 
determined f o r  a range of operating and i c ing  conditions.  
droplet  co l l ec t ion  e f f ic iency  of both radomes w a s  found t o  be r e l a t i v e l y  
low (0.19 t o  0.97 percent, based on k x i m  radius  of t h e  model). The 
experimental impingement charac te r i s t ics  were found t o  be f a i r l y  c lose 
t o  those computed f o r  spheres from theore t i ca l  data.  The extent  of 
impingement w a s  s u f f i c i e n t l y  l a rge  t o  cover most of t h e  radome area 
scanned by the  radar beam during normal operaticn.  The ice  formations 
obtained were t y p i c a l  of those f o r  similar bodies and i c ing  and f l i g h t  
The water- 
I conditions.  The i c ing  rate a t  t h e  radome nose varied f r o m  1 - t o  3 inches 
per hour f o r  t h e  range of  conditions t e s t ed .  
4 
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2 .  Radome ic ing  w a s  found t o  have a ser ious e f f e c t  on t h e  radar 
operation. Signif icant  losses  i n  transmission were obtained with i c e  
formations as small as 1/8 inch th ick  and f o r  ic ing  periods l e s s  than 
5 minutes. Relatively la rge  e f f e c t s  of i c e  on the def lec t ion  of t h e  
radar beam were a l so  obtained; f o r  t h e  test  conditions t h e  allowable 
l i m i t s  f o r  beam deflect ion were exceeded. From the  invest igat ion it i s  
concluded t h a t  the  thickness of ice, i t s  r e l a t i v e  loca t ion  of the  radome, 
of radome 
of t h e  transmission r e s u l t s  t o  higher speeds may thus be made on t h e  
b a s i s  of t h e  i c e  thickness and or ientat ion.  I n  evaluating radar  per- 
formance i n  f l i g h t  ic ing  conditions, consideration a l s o  should be given 
t o  the  e f fec ts  of radome i c i n g  t h a t  were not s p e c i f i c a l l y  determined i n  
t h e  icing tunnel  invest igat ion.  
N 
cn 
03 
P 
and t h e  radome geometry are t h e  prime f a c t o r s  determining t h e  e f f e c t s  
ic ing  on radar  operation. It would appear t h a t  extrapolat ion 
3. The f luid-protect ion system w a s  found t o  provide s a t i s f a c t o r y  
a n t i -  and de-icing performance over t h e  range of t e s t  conditions. 
anti-icing, f l u i d  requirements of less than 3 gallons per hour of the  
water-glycol mixture were obtained. The f l u i d  requirements f o r  a n t i -  
ic ing appeared t o  be primarily a function of rate of water catch, a i r -  
speed, and air  temperature. Sa t i s fac tory  de-icing of t h e  radomes w a s  
obtained with flow rates less than 4 gallons per hour and f o r  de-icing 
periods less than 5 minutes. Both t h e  a n t i -  and de-icing requirements 
were extremely sens i t ive  t o  t h e  angle of a t tack  of t h e  radome. S a t i s -  
fac tory  protection could be achieved only with t h e  deflecting-type 
nozzle. 
For 
Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 
National Advisory Committee f o r  Aeronautics 
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Figure 3. - Test installation with C-radome removed. 
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Figure 4 .  - Installation of test assembly w i t h  D-radome in  icing tunnel. 
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R a t  i o  of d r o p l e t  diameter t o  volume-median d r o p l e t  diameter ,  d/do 
Figure 1 2 .  - Drople t - s ize  d i s t r i b u t i o n  i n  i c i n g  r e sea rch  t u n n e l  f o r  
radome water- impingement i n v e s t i g a t i o n  . 
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Surface d i s t ance  from nose,  i n .  
( a )  Angle of a t t a c k ,  Oo. 
Figure 13. - Dis t r ibu t ion  of water-droplet  impingement on C-radome. 
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( re ference  3 )  - 
Surface dis tance from nose, i n .  
Figure 15. - Comparison of impingement on radomes and t h e o r e t i c a l  sphere 
valuee.  Airspeed, 176  m i l e s  per hour; volume-median d rop le t  s i z e ,  
11 microns; angle  of a t t ack ,  Oo. 
of f i g u r e  1 2 .  
Droplet-s ize  d i s t r i b u t i o n  is that 
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N m rn 
(a )  Velocity, 168 miles per hour; angle of a t tack,  Oo; tunnel t o t a l  temperature, 10' F; 
liquid-water content, 0.8 gram per cubic meter. 
(b) Velocity, 273 miles per hour; angle of attack, 0'; tunnel t o t a l  temperature, -5' F; 
liquid-water content, 0.85 gram per cubic meter. 
Figure 16. - Views of C-radome a f t e r  15 minutes icing. 
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(c)  Velocity, 276 miles per h p r ;  angle of attack, 0'; tunnel t o t a l  temperature, 5' F; 
liquid-water content, 0.95 gram per cubic meter. 
17 C-31 5 
. 
(d)  Velocity, 278 miles per hour; angle of attack, 4v; tunnel t o t a l  tempemture, - 6 O  F; 
liquid-water content, 0.85 gram per cubic meter. 
Figure 16. - Concluded. Views of C-radome a f t e r  15 minutes icing. 
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(a) Velocity, 168 miles per hour; angle of attack, O O ; - t m e l  t o t a l  temperature, 9' F; 
liquid-water content, 0.8 &ram per cubic meter. 
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(b) Velocity, 275 miles per hour;  angle of attack, 0"; tunnel t o t a l  temperature, -4' F; 
liquid-water content, 0.85 gram per cubic meter. 
Figure 1 7 .  - Views of D-radome after 15 minutes icing. 
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(c )  Velocity, 274 milee per hour; angle or attack, Oo; tunnel t o t a l  temperature, 12O F; 
liquid-water content, 0.9 gram per cubic meter. 
Figure 1 7 .  - Concluded. Views of D-radome after 15 minutes icing. 
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(a) Airspeed, 273 m i l e s  per  hour; air  t o t a l  temperature, -5' F; l iqu id-  
water content, 0.85 gram per  cubic meter. 
Left and down Right and up 
Scan angle, deg 
(b) Airspeed, 168 miles per  hour; a i r  t o t a l  temperature, loo F; l i qu id -  
water content, 0.8 gram per  cubic meter. 
Figure 19. - Transmission through C-radome after 15 miniites ic ing  at  
zero angle of a t tack .  
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(a )  Airspeed, 168 miles per hour; a i r  t o t a l  temperature, 90 F; liquid-water content, 
0.8 uram per cubic meter. 
(b) Airspeed, 275 miles per hour; air t o t a l  temperature, -4O F; liquid-water content, 
0.85 gram per cubic meter. 
Left and dam Right and up 
Scan angle, deg 
( c )  Airspeed, 274 miles per hour; a i r  to ta l  temperature, 1 2 O  F; liquid-water content, 
0.9 gram per cubic meter. 
Figure 20. - Transmission through D-radome after 15 minutes icing a t  zero angle of attack. 
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30 20 10 
L e f t  
Scan angle ,  deg 
(a)  Radome i n  normal p o s i t i o n .  
Figure 2 2 .  - Component of d e f l e c t i o n  of r a d a r  beam i n  azimuth p lane  
by iced  radome a f t e r  15 minutes i c i n g  a t  zero angle of a t t a c k .  A i r -  
speed, 276 miles  per  hour; a i r  t o t a l  temperature ,  5' F; l iqu id-water  
content ,  0.95 gram per  cubic  meter .  
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(a)  A i r  temperature, loo F. Front l ighting. (b) A i r  temperature, 100 F. Back l ighting. 
T 
C-31008 
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Figure 23. - Views of glycol-water spray cone. T364M nozzle; nozzle a i r  pressure, 
46 pounds per square inch; velocity, 280 miles per hour; angle of attack, 0'; liquid- 
water content, 0 gram per cubic meter. 
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Figure 26. - Variation of f l u i d  anti-icing requirement with liquid-water 
content. Velocity, 275 miles per hour; air  t o t a l  temperature, loo F; 
angle of attack, 0'; F-89 D-radome; T364M nozzle. 
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Figure 27. - Variation of f l u i d  an t i - ic ing  requirement with 
a i r  temperature. Velocity,  275 m i l e s  per  hour; angle of 
a t tack ,  0'; F-89 D-radome; T364M nozzle. 
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Figure 28.  - Variation of f l u i d  anti-icing requirement w i t h  angle 
of attack. 
0.9 g r a m  per cubic meter; T364M nozzle. 
Tunnel a i r  temperature, 10' F; liquid-water content, 
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F igure  29. - Var ia t ion  of f l u i d  a n t i - i c i n g  requirement w i t h , a i r s p e e d  f o r  
two angles  of a t t a c k  and two a i r  t o t a l  temperatures .  
t e n t ,  0.8 gram per  cubic meter; D-radome; T364M nozzle .  
Liquid-water con- 
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(a) After 7 minutes icing. (b) 2 minutes’45 sec-onds a f t e r  
glycol on. 
( c )  3 minutes a f t e r  glycol on. (d) 5 minutes a f t e r  glycol on. 
Figure 3.7. - &-icfnz nf D-rsdnme. Velocitg, 295 miles per h=?;-; sngle =f attack, 40;  
tunnel t o t a l  temperature, go F; liquid-water content, 1.0 gram per cubic meter; glycol- 
water flow rate, 31.8 pounds per hour;  T364M nozzle. 
